1. Introduction
===============

We report a case of a neocentric small supernumerary marker chromosome (sSMC) derived from the 1p21.3p21.2 chromosome in order to provide insight into the molecular processes influencing the phenotype. Most of the genes comprised in sSMC(1) are enriched in the developing human brain (*PTBP2*, *DPYD*, *miR-137*, *SNX7*, *LPPR5*, *LOC100129620*, *LPPR4*), as revealed by Yale's genome-wide exon-level transcriptome data base ([www.humanbraintranscriptome.org](www.humanbraintranscriptome.org)) \[[@b1-tnsci-2015-0007]\], implicating their role in the processes leading to proper brain organization and functioning.

To date, the genotype-phenotype correlations in genetic disorders have been mostly viewed through coding gene mutations and copy number losses/gains. However, recent studies implicate the important contribution of non-coding RNAs to the phenotype, and a need for an all-in approach in investigating the molecular processes underlying the genetic disorders, necessary for a comprehensive understanding of human disease. Therefore, an all-in approach has been applied in analyzing the genotype-phenotype correlation of 1p21.3p21.2 copy number gain.

2. Material and methods
=======================

2.1. Clinical description
-------------------------

The patient was a boy identified by the multiplex ligation-dependent probe amplification (MLPA) screening in individuals with unexplained intellectual disability (ID). He is the fifth child of parents who both function at a borderline intellectual level or mild ID. At the age of 10, the boy and his siblings were placed in foster care homes, as the parents had not been able to take care of them.

According to scant data on his early development, he was born at term after an uneventful pregnancy, and the child's early motor development was unremarkable. His language development, in contrast, was severely delayed. On two occasions in his 2^nd^ and 3^rd^ year of life he was hospitalized for febrile convulsions. At the age of 2, behavioral problems and hyperactivity were recorded, which became more remarkable from the age of 6. At the age of 8 he was diagnosed with a moderate to severe ID, pervasive developmental disorder with elements of autism spectrum disorder (ASD), undeveloped speech, febrile convulsions and nocturnal enuresis.

Physical examination at the age of 11 years and 10 months, revealed a height of 142 cm (17th percentile), a weight of 42 kg (50th percentile) and a head circumference of 52 cm (50th percentile). Presently at the age of 19, his height is 172 cm (25th percentile), weight 60 kg (20th percentile), and head circumference 55 cm (25th percentile). The patient's clinical presentation includes the following features:

### Face

The face displays mild dysmorphism with deep-set eyes and hooded eyelids, philtrum with upturned upper lip and an open mouth appearance, narrow high arched palate and maxillary prognathism. In each jaw there are 12 permanent teeth: 4 incisors, 2 canines, 2 premolars (without panoramic tomography it was not possible to determine which premolars are missing, teeth no. 4. or no. 5) and 4 molars (3^rd^ molars/"wisdom teeth" are missing). The first maxillary left incisor is mechanically broken, but both maxillary lateral incisors are undergrown and peg-shaped.

### Stature

The shoulders are sloping and dropped. A mild thoracic kyphosis (with a hump resembling a buffalo hump) extends to lumbar lordosis.

### Hands and feet

Fingers are long and tapering with bilateral clinodactyly of the 5^th^ finger. Instep is very high and rigid. The first toe is long and widely spaced from the 2^nd^ toe, with partial cutaneous syndactyly of 2^nd^ and 3^rd^ toe. Toes appear pointed. His peculiar gait with a tendency toward toe-walking (most evident when running) resembles cock-walk with equinus gait, during which he leans the body forward.

Genitals exhibit one sided cryptorchidism.

Neurological examination: Psychomotor restlessness and hyperactivity made assessments and evaluations extremely difficult even with multiple examinations. The patient is disoriented, socially unadapted, with very poor concentration and attention. He frequently has an empty gaze, as if he is living in his own world with sudden expressions of a laughing grimace ([Fig. 1D](#f1-tnsci-2015-0007){ref-type="fig"} and [Fig. 1F](#f1-tnsci-2015-0007){ref-type="fig"}). Speech is sparse and incomprehensible (at the word level) with echolalia and neologisms. Psychomotor restlessness and hyperactivity, as well as aggressive outbursts, are controlled with neuroleptics. The patient is depicted in [Fig. 1A--D](#f1-tnsci-2015-0007){ref-type="fig"} at the age of 13 years 10 months, and 19, respectively.

2.2. Cytogenetics and molecular cytogenetics
--------------------------------------------

Banding cytogenetics from peripheral blood lymphocytes was done according to standard procedure. The sSMC was microdissected (glass needle based), the obtained DNA was amplified *in vitro* and labeled by degenerated oligonucleotide-primed polymerase chain reaction (DOP-PCR) as previously reported \[[@b2-tnsci-2015-0007]\], and applied in standard reverse fluorescence *in situ* hybridization (FISH) \[[@b3-tnsci-2015-0007]\].

2.3. Multiplex ligation-dependent probe amplification (MLPA)
------------------------------------------------------------

MLPA probe sets (SALSA MLPA Kits P036-Human Telomere, P070-Human Telomere, P245-Microdeletion Syndromes-1, P297-Microdeletion Syndromes-2, P343-B1 Autism and ME028-PWS/AS) were purchased from MRC-Holland (Amsterdam, The Netherlands) and used according to the manufacturer's protocols. We have used commercially available software, Gene Marker from SoftGenetics (State College, PA, USA) to analyze our data.

2.4. Array-comparative genomic hybridization (arrayCGH)
-------------------------------------------------------

A genome-targeted copy number profile of the patient's DNA was obtained by subjecting it to microarray analysis using our own custom-designed 8×60 K oligo (60-mer) array platform (Custom CGH Zagreb, ID:061743) manufactured by Agilent Technologies Inc. (Santa Clara, CA, USA), containing most known genes and regions associated with neurodevelopmental disorders (*publication in preparation*). The array was processed following the manufacturer's recommended protocol, and a sex-matched non-disease control sample was used as reference.

3. Results
==========

The present case was singled out during MLPA screening in individuals with unexplained ID, which started with subtelomeres screening (P036 and P070) followed by screening for microdeletion syndromes (P245 and P297) and autism (P343-B1), which all showed normal results. Finally, a ME028-PWS/AS probe set was used to exclude possible Angelman syndrome due to uniparental disomy, and the chromosome culture was set up. The methylation pattern was normal. However, the copy number report in repeated experiments revealed a deletion of *SNRPN* exon1B-b (copy number variation in this region has been described in healthy individuals too), and duplication of the reference 1p21 probe 05330-L04717 (results not shown). Banding cytogenetics disclosed a ring shaped sSMC found in 80% of the lymphocytes ([Fig. 2A](#f2-tnsci-2015-0007){ref-type="fig"}). Subsequent parallel reverse FISH and arrayCGH, both confirmed what MLPA result already suggested: the sSMC was derived from 1p21 ([Fig. 2B](#f2-tnsci-2015-0007){ref-type="fig"} and [Fig. 2C](#f2-tnsci-2015-0007){ref-type="fig"}).

ArrayCGH identified a 3.56 Mb copy number gain on chromosome 1 short arm: arr\[hg19\] 1p21.3p21.2(96,420,239-99,981,342) x3, containing five annotated RefSeq (<http://www.ncbi.nlm.nih.gov/refseq/>) coding genes: *PTBP2, DPYD, SNX7, LPPR5* and *LPPR4*, and seven annotated Refseq non-coding RNAs (ncRNAs): antisense long non-coding RNAs (lncRNAs) *DPYD-AS1* and *DPYD-AS2*, microRNAs *miR-137* and *miR-2682*, and uncharacterized long intergenic non-coding RNAs (lincRNAs) *LOC10192824*, *LOC729987* and *LOC100129620* ([Fig. 3](#f3-tnsci-2015-0007){ref-type="fig"}).

Spatio-temporal expression profiles of the genes involved in 1p21.3p21.2 from the genome-wide exon-level transcriptome data \[[@b1-tnsci-2015-0007]\] ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}) revealed their enrichment in human brain during neurogenesis, as well as importance in adult brain functioning ([Table 1](#t1-tnsci-2015-0007){ref-type="table"}). In addition, microarray expression data of the transcripts possibly involved in common pathway with the genes comprised in sSMC(1), or commented in the discussion, are shown in [Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}.

4. Discussion
=============

Small supernumerary marker chromosomes (sSMCs) are found in the general population (0.044%), in infertile (0.125%) and in patients with ID (0.288%) \[[@b4-tnsci-2015-0007]\]. sSMCs can be present in different shapes, sizes, mosaic states and be derived from different chromosomal regions, predominantly the pericentric ones \[[@b5-tnsci-2015-0007]\]. Neocentric sSMCs have a centromeric constriction but no detectable alpha-satellite DNA; they "carry newly derived centromeres (or "neocentromeres") that are apparently formed within interstitial chromosomal sites that have not previously been known to express centromere function" \[[@b6-tnsci-2015-0007]\]. Neocentric sSMCs \[[@b7-tnsci-2015-0007]\] can be derived from each region of a chromosome. If they come from more distal, i.e. telomeric parts, they often form inverted duplicated shaped sSMCs; in case they are derived from more proximal parts of chromosome arms they are reported as ring shaped sSMCs \[[@b8-tnsci-2015-0007]\]. Some of them are also formed by a so called McClintock mechanism \[[@b9-tnsci-2015-0007]\].

We report the eighth case of a neocentric sSMC(1) in clinical practice; additionally, an inverted duplication-shaped sSMC was seen in leukemia as an acquired aberration. Among 8 clinical cases with a neocentric sSMC(1), all except one were ring-shaped like the present case \[[@b10-tnsci-2015-0007]\]. Three previously reported neocentric sSMC(1) were formed by the McClintock mechanism \[[@b9-tnsci-2015-0007]\], and one was even derived from a similar region as the present case. However, it was reported as a balanced cytogenetic aberration and no clinical data was available for that case \[[@b10-tnsci-2015-0007], case McCl-01-N-p21/1-1\].

Interestingly, the present case is the second one inducing a gain of copy numbers in the short arm of chromosome 1. In the presented case, sSMC(1) is identified in 80% of lymphocytes, suggesting a possibility of presence in a non-mosaic form and its loss during cell culturing. In addition, it is well known that mosaic cases often display a lower percentage of aberrant cells in lymphocytes than in fibroblasts, the extreme example being Pallister-Killian syndrome \[[@b11-tnsci-2015-0007]\]. Both fibroblasts and neurons are derived from the same embryonic origin (ectoderm); therefore, it is likely that there are more than 80% of aberrant cells in the brain, even though there is no rule for the distribution of sSMC in different body cells \[[@b12-tnsci-2015-0007]\]. The expected phenotype with such a high percentage of aberrant cells should not differ much from the non-mosaic form, although the true state of the brain cells remains uncertain. Although it would have been interesting to employ functional magnetic resonance imaging (fMRI) to uncover if any and which cortical areas are affected, due to the risk of performing the procedure under anesthesia, this was not done.

Segmental duplications of 1p are rarely reported. They vary considerably in size and position on 1p and no distinct phenotype has been defined to date for any duplicated segments on 1p. In addition, most previous cases did not have molecular characterization of duplicated segments, so it was not possible to estimate a region of overlap, or genotype-phenotype correlations \[reviewed in [@b13-tnsci-2015-0007]\].

4.1. 1p21.3 copy number loss vs. 1p21.3p21.2 copy number gain
-------------------------------------------------------------

Our present case of 1p21.3p21.2 copy number gain is the smallest reported duplication of the proximal short arm of chromosome 1 ([Fig. 3](#f3-tnsci-2015-0007){ref-type="fig"}). The closest in size are two pathological copy number gains listed in Decipher (<http://www.sanger.ac.uk>): patient 279175 with 1.04 Mb duplication encompassing lincRNA *LOC101928241* and *PTBP2* displaying ASD, muscular hypotonia and strabismus, and patient 270389 with 3.68 Mb duplication which, in addition to all genes comprised in sSMC(1), extends to distal 1p21.2 covering flanking *PALMD*, *FRRS1* and *miR-548* genes, for whom besides the ID no symptoms are commented ([Fig. 3](#f3-tnsci-2015-0007){ref-type="fig"}). The only case showing phenotypic similarity (primary teeth anomalies, high arched palate, fingers and toes anomalies, peculiar gait, hyperactivity, no speech at 3 years of age; the image of the patient's face also being suggestive of an open mouth appearance and maxillary prognathism) is the case of Utkus *et al*. \[[@b14-tnsci-2015-0007]\], although the latter duplication appears to be larger.

Unexpectedly, the overlap not only of the neurological and behavioral phenotypes (ID, ASD/ASD-like features and severe to profound speech deficit, febrile/non-febrile seizures), but also of the sum of dysmorphic features seen in differently sized 1p21.3 deletions (deep set eyes, tick lower lip, cleft/high-arched palate, hooded lids) \[[@b15-tnsci-2015-0007], [@b16-tnsci-2015-0007]\], becomes evident when compared to the 1p21.3p21.2 duplication phenotype ([Fig. 5](#f5-tnsci-2015-0007){ref-type="fig"}).

The 1p21.3p21.2 copy number gain may be considered reciprocal in gene content to the recently recognized 1p21.3 microdeletion syndrome ([Fig. 3](#f3-tnsci-2015-0007){ref-type="fig"}) \[[@b15-tnsci-2015-0007], [@b16-tnsci-2015-0007], [www.orpha.net](www.orpha.net)\], characterized by severe speech and language deficit, borderline to moderate and severe ID, ASD features, and minor dysmorphic facial features. Affected individuals have normal gross motor development without major abnormalities. They are often very shy and friendly with a tendency to be overweight.

What could be the rationale behind the fact that both the deletion and duplication of certain genes are capable of producing a similar or overlapping neurological or psychiatric phenotype? According to the hypothesis proposed by Ramocki and Zoghbi \[[@b17-tnsci-2015-0007]\], a similar or overlapping set of neurological symptoms in reciprocal neurodevelopmental microdeletion and microduplication syndromes can be explained by imbalance of neuronal homeostasis. Briefly, either loss or gain of a certain gene function, which changes synaptic output and neuronal excitability, affects the integrity of the network as a whole, and activates compensation that eventually exhausts homeostatic capacity of the neuronal network and leads to defects of neuronal phenotype and synaptic plasticity. This phenomenon has been described for several genes, such as *MECP2* and *SHANK3*, where loss or gain of function results in overlapping neurological disorders \[[@b17-tnsci-2015-0007]\].

Therefore, the presented 1p21.3p21.2 copy number gain correlated to 1p21.3 microdeletion syndrome verifies the hypothesis of a cumulative effect of the number of dysregulated genes - homeostasis disequilibrium leading to overlapping phenotypes between microdeletion and microduplication syndromes, since the same conclusion has been drawn from two different points of view.

4.2. Long non-coding RNAs (lncRNAs): LOC10192824, LOC729987 and LOC100129620
----------------------------------------------------------------------------

The major classes of non-protein coding RNAs (ncRNAs) that are important for the regulation of gene expression include microRNAs (miRNAs), small nucleolar RNAs (snoRNAs), extracellular RNAs (exRNAs), piwi-interacting RNAs (piRNAs), and long-non-coding RNAs (lncRNAs).

Comprehensive analysis of the human transcriptome has revealed that lncRNAs with length \>200 nucleotides account for a large fraction of cellular transcripts. The systematization of lncRNAs is still incomplete, as they differ according to genomic localization, size and putative function. Similar to protein coding mRNAs, lncRNA transcripts are capped and polyadenylated, contain multiple exons with large introns and are subject to alternative splicing. Identification of intragenic lncRNAs is hampered due to overlap with protein-coding transcripts or DNA-regulatory elements, and has been originally described as transcription noise \[reviewed in [@b18-tnsci-2015-0007]\]. Therefore, they came into the spotlight only recently and their function as key regulators of cellular processes is emerging \[[@b19-tnsci-2015-0007]\].

Transcription of lncRNAs is cell-type specific and developmentally regulated in the central nervous system (CNS) where they are involved in various roles, such as cell identity, homeostasis, stress responses and synaptic plasticity \[[@b20-tnsci-2015-0007]\]. Strict temporal and spatial expression of lncRNAs is important for mediating CNS development and function, even though their precise expression pattern and its role are not yet fully known. Many lncRNAs are modulators of gene expression via chromatin modification, and may contain domains for binding other complementary RNAs, protein- and DNA-binding domains that induce conformational changes to other structures in the lncRNA \[[@b19-tnsci-2015-0007]\].

Hence, it comes as no surprise that some of them are implicated in psychiatric, neurological and neurodegenerative disorders \[[@b21-tnsci-2015-0007]\]. One of the best studied examples is an antisense long ncRNA *BDNF-AS* \[[@b22-tnsci-2015-0007]\] that acts as a regulator of expression of brain derived neurotrophic factor (BDNF), important for neuronal growth, maturation and maintenance, whose expression level is reduced in some psychiatric and neurodegenerative disorders, such as Huntington disease \[[@b23-tnsci-2015-0007]\]. Interestingly, Sauvageau *et al*. \[[@b24-tnsci-2015-0007]\] reported developmental problems and defects in the cerebral cortex in some of the intergenic lncRNA (lincRNA) knockout mice, thus providing strong evidence of lncRNAs role in brain development.

*LOC10192824, LOC100129620* and *LOC729987,* the intergenic lncRNAs that have copy number gain in the present case are yet uncharacterized and their function remains to be elucidated. According to the expression pattern of *LOC100129620* in prenatal cerebral cortex ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}) we can suggest its role in the regulation of epigenetic dynamics in neurodevelopment.

4.3. MicroRNA miR-137
---------------------

MicroRNAs constitute a class of small, non-coding RNAs that are involved in a subset of biological processes such as developmental programing, cell proliferation, apoptosis, metabolism, cell differentiation, and morphogenesis \[[@b25-tnsci-2015-0007]\]. The discovery of microRNAs has led to deeper insights into the regulatory mechanisms of gene expression and their complexity. They function as posttranscriptional regulators of gene expression, primarily through gene silencing by binding to their target mRNAs \[[@b26-tnsci-2015-0007]\], mediating translational repression or mRNA transcript degradation \[[@b27-tnsci-2015-0007]\].

A single miRNA typically has multiple, up to several hundred mRNA targets, while a gene can have several target sites for different miRNAs \[[@b28-tnsci-2015-0007]--[@b32-tnsci-2015-0007]\]. Therefore, miRNAs can control the expression of a number of genes, affecting entire signaling pathways at once leading to a stance that modulation of protein levels by miRNAs represents a key epigenetic regulatory mechanism of gene expression \[[@b32-tnsci-2015-0007]--[@b34-tnsci-2015-0007]\].

Recent studies suggest that expression of miRNAs and their targets are dynamically regulated, both spatially and temporally, contributing to the diversity and plasticity of our brain \[[@b35-tnsci-2015-0007]\]. It has been shown that many miRNAs also act locally, at the growth cone or at synapses, modulating synaptic plasticity and neuronal connectivity, thereby contributing to the dynamic spatial organization of axonal and dendritic structures and their function \[[@b36-tnsci-2015-0007], [@b37-tnsci-2015-0007]\].

A neuron-enriched miRNA, *miR-137* plays an important role in the regulation of cell proliferation and differentiation \[[@b38-tnsci-2015-0007]--[@b41-tnsci-2015-0007]\]. Micro RNA *miR-137* is enriched at the synaptic compartment \[[@b36-tnsci-2015-0007], [@b37-tnsci-2015-0007], [@b39-tnsci-2015-0007], [@b42-tnsci-2015-0007]\] and regulates neuronal maturation influencing dendritic patterning and spine morphogenesis \[[@b43-tnsci-2015-0007]--[@b45-tnsci-2015-0007]\] through silencing of Mind bomb one (*Mib1*), an ubiquitin ligase known to be important for neurogenesis \[[@b39-tnsci-2015-0007], [@b46-tnsci-2015-0007]--[@b48-tnsci-2015-0007]\]. There are a large number of CpG islands in the upstream 2.5 kb promoter region of *miR-137* gene \[[@b49-tnsci-2015-0007]\], suggesting that its expression is epigenetically regulated.

Overexpression of *miR-137* results in aberrant morphological maturation of neurons by reducing the complexity of dendrites and spine density, both in brain and cultured primary neurons \[[@b39-tnsci-2015-0007]\]. In contrast, the knock-down of *miR-137* had opposite effects on the dendrite morphogenesis (increases the dendrite length, branch and end points, and number of spines in mouse fetal and adult hippocampal neurons), suggesting that proper expression of *miR-137* is required for the normal morphological differentiation and development of dendrites \[[@b39-tnsci-2015-0007]\]. Furthermore, all histogenetic processes, including neuronal differentiation, need to be precisely spatially and temporally coordinated in order to establish appropriate synaptic contacts and subsequent proper functioning of cortical neural networks. Hence, resulting either reduced or enriched dendritic tree could lead to misrouted axons and misplaced synaptic contacts that eventually lead to similar or identical abnormal cortical functioning.

A number of developmental and adult brain disorders are associated with abnormal changes in synaptic connectivity and plasticity, \[[@b29-tnsci-2015-0007], [@b50-tnsci-2015-0007], [@b51-tnsci-2015-0007]\]. Moreover, a connection has been established between abnormalities in miRNA expression and miRNA-mediated gene regulation and cognitive dysfunction \[reviewed in [@b29-tnsci-2015-0007] and [@b35-tnsci-2015-0007]\]. In this context, large-scale genome-wide association studies (GWAS) have identified *miR-137* as one of the leading schizophrenia susceptibility genes \[[@b52-tnsci-2015-0007]--[@b54-tnsci-2015-0007]\].

Consequently, miRNA gene copy number changes due to genomic deletions and duplications are likely to be involved in neurological disorders as well. While studying the clinical effects of chromosome 1p21.3 microdeletions involving *DPYD* and *miR-137*, Willemsen *et al*. \[[@b16-tnsci-2015-0007]\] found an association with ID and ASD-like behavior. Furthermore, lymphoblastoid cell lines from these patients were found to have reduced levels of *miR-137*. The authors also confirmed that *miR-137* is highly expressed in the hippocampus, occipital cortex, and frontal cortex in human postmortem tissue, as well as in the synaptosomal fractions of mouse brain preparations, providing further evidence that *miR-137* plays a role in synapse formation during brain development and functioning.

Using the lists of putative and experimentally verified targets, we find no gene in sSMC(1) as the verified target of either *miR-137* or *miR-2682* (<http://www.mirbase.org>, <http://www.targetscan.org>, <http://mirdb.org>). Interestingly, *RAVER2*, ribonucleoprotein PTB-binding 2, whose expression in adult mice is essentially confined to the brain \[[@b55-tnsci-2015-0007], [@b56-tnsci-2015-0007]\] is the highly ranked *miR-137* putative target in miRDB and TargetScan (Agregate PCT 0.96; total context score −0.55). *RAVER1* and *RAVER2* are co-repressors of *PTBP1/PTBP2* (*PTB/nPTB*) homologs, with a modulating function in PTB-mediated RNA processing \[[@b57-tnsci-2015-0007], [@b58-tnsci-2015-0007]\].

Regulation of *RAVER2* by *miR-137* would imply its modulatory role of *PTBP2* expression through downstream mechanism. However, little is still known about the role of *RAVER2* in neurodevelopment due to its restrictive expression pattern and lack of expression in neuronal cell lines \[[@b55-tnsci-2015-0007]\]. Considering that aberrant expression of miRNAs, leading to either down-regulation or up-regulation of downstream targets, has been implicated in a number of neurodegenerative, neurodevelopmental, as well as psychiatric disorders \[[@b59-tnsci-2015-0007]--[@b63-tnsci-2015-0007]\], the downstream effect of *miR-137* on the alternative splicing pathway seems probable.

4.4. Polypyrimidine Tract Binding Protein 2 (PTBP2)
---------------------------------------------------

PTBP2 protein, encoded by *PTBP2* (*nPTB*) gene is a multifunctional RNA binding protein (shuttling between nucleus and cytoplasm) involved in post-transcriptional regulation of gene expression. PTBP2 shows high tissue-specific expression and shares about 74% amino acid homology \[[@b64-tnsci-2015-0007]\] with PTBP1 (PTB, HnRNP I), a global repressor of alternative splicing in non-neuronal cells. PTBP1 and PTBP2 display specific non-overlapping expression patterns in the brain; PTBP2 is broadly expressed in the developing mouse brain, including neuronal precursors \[[@b65-tnsci-2015-0007]--[@b68-tnsci-2015-0007]\], while PTBP1 expression is confined to neuronal precursor cells, glia and other non-neuronal cells \[[@b66-tnsci-2015-0007], [@b69-tnsci-2015-0007], [@b70-tnsci-2015-0007]\]. The best known function of the two PTB proteins is the regulation of alternative pre-mRNA splicing patterns, which greatly increase the variety of transcripts indispensable for normal brain development and functioning.

PTBP1 and PTBP2 regulate the synapse formation and maintenance through cross-regulatory network and auto-regulation of expressions \[[@b67-tnsci-2015-0007], [@b69-tnsci-2015-0007], [@b71-tnsci-2015-0007], [@b72-tnsci-2015-0007]\]. This new genetic regulatory program \[[@b65-tnsci-2015-0007], [@b73-tnsci-2015-0007]\], encompasses three sequential changes in alternative splicing regulation, during which postsynaptic density protein 95 (PSD-95; encoded by *DLG4,* disc large homolog 4 (Drosophila)), essential for synaptic maturation and plasticity, is post-transcriptionally repressed prenatally \[[@b67-tnsci-2015-0007], [@b68-tnsci-2015-0007], [@b71-tnsci-2015-0007], [@b72-tnsci-2015-0007]\]. The correct switch from general to neuron specific alternative splicing patterns during neuronal differentiation is mediated by neuron specific *miR-124* through down-regulation of *PTBP1* mRNA, which causes a decreased level of PTBP1 protein, and a dramatic increase in PTBP2 protein leading to production of neuron specific protein isoforms \[[@b70-tnsci-2015-0007]\] ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}).

Through cross-regulatory network, PTBP2 temporarily inhibits the expression of "adult" protein isoforms until neurons have matured \[[@b65-tnsci-2015-0007], [@b73-tnsci-2015-0007], [@b74-tnsci-2015-0007]\], demonstrating an essential role in controlling the brain's early development. These proteins all affect neurite outgrowth, axon guidance, synaptic assembly, and synaptic function; their untimely expression would lead to aberrant neuronal network development \[[@b73-tnsci-2015-0007]\]. The expression of PTBP2 continues after differentiation, and is present in the brain at moderate levels through adulthood \[[@b73-tnsci-2015-0007]\] ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}), but its role in differentiating neurons is not fully understood.

The loss of PTBP2, as demonstrated in *PTBP2* null generated mice (*Ptbp2−/−*), does not greatly affect developmental patterning of CNS. However, post-mitotic neuronal maturation and survival are severely impaired, as a result of misexpression of many protein isoforms affecting neurite growth, synapse formation and synaptic transmission \[[@b73-tnsci-2015-0007]\]. Similarly, when neurons lacking PTPB2 are grown in culture, they fail to develop correctly and die. Overexpression of PTBP1 and PTBP2 in cultured neurons was shown to repress synaptic activity, spine formation/morphogenesis, and reduce PSD-95 transcript \[[@b68-tnsci-2015-0007], [@b73-tnsci-2015-0007]\]. The study of Li *et al*. \[[@b73-tnsci-2015-0007]\] showed that PTBP2 is critical to both embryonic and postnatal brain development.

Constitutional gain of *PTPB2* gene in the presented case and the continuous excess of PTBP2 during neuronal development and throughout the life, certainly to some extent deregulate the cross-regulatory network and specific pattern of expression of both *PTBP1* and *PTBP2*, affecting also the alternative splicing of a number of pre-mRNAs.

Therefore, in the case of *PTBP1* and *PTPB2*, one would expect that loss of one homologue and its protein leads to overexpression of the other homologue resulting in its protein abundance, and vice versa. However, Li *et al*. \[[@b73-tnsci-2015-0007]\] found no changes in the expression of *PTBP1* in neuronal progenitor cells, astrocytes, ependymal cells, or other non-neuronal cell types in the brain of *PTBP2* null mice (*Ptbp2−/−*). In spite of this finding, it is still possible that even a relatively mild, but long lasting disproportion of two PTB proteins may impair cognitive function as a result of the cumulative effect of multiple disordered gene expression patterns during development.

In fact, the response of each of the multiple targets to constitutional copy number gain/loss of the sequence(s) which regulate their functioning might depend on the sensitivity of the target to the environmental disequilibrium, and the ability of regulatory mechanisms to overcome disordered homeostasis in the cellular and intercellular milieu. This assumption is in line with the finding that mice with *PTBP2 (Ptbp2−/+*) deletion/copy number loss express *PTBP2* at levels half that of the wild type animals (*Ptbp2+/+*) \[[@b73-tnsci-2015-0007]\]. The effect of this heterozygous loss of synaptic protein expression and on target transcript splicing was variable. For some targets, protein levels in the heterozygous brains were intermediate between the wild type and homozygous knockout (as one would expect in one gene-one protein relationship). In other cases, the heterozygotes appeared similar to the wild-type mice, expressing close to normal protein levels.

The same holds true for *miR-137*, as both *PTBP2* and *miR-137* affect the expression and function of multiple target sequences in the genome. It has been shown that *miR-137* deletion results in an up-regulation/overexpression of its validated targets \[[@b16-tnsci-2015-0007]\]. On the other side, bioinformatically predicted *miR-137* targets showed a small but significant down-regulation/lower level of expression of the genes involved in neuronal differentiation \[[@b75-tnsci-2015-0007]\] following *miR-137* overexpression.

Therefore, the imbalance of sequences with direct and/or downstream influence on multiple genes might, through the cumulative effect of deregulated distant targets (some of which being up-regulated, other being down-regulated, and some being dosage insensitive), be at least partially responsible for the overlapping behavioral and neurologic phenotypes in a number of reciprocal microdeletions and microduplications.

4.5. Bones and dental anomalies: miR-137
----------------------------------------

Bone organogenesis is a complex process involving the differentiation and crosstalk of multiple cell types, in which the subset of miRNAs has emerged as an important regulator of bone formation and postnatal functions, contributing to every step of osteogenesis \[[@b76-tnsci-2015-0007]--[@b78-tnsci-2015-0007]\]. The same holds true for tooth development, as the phenotypes associated with mutations in different genes indicate that integrated networks of signaling pathways are the key regulators of tooth morphogenesis \[[@b79-tnsci-2015-0007], [@b80-tnsci-2015-0007]\]. However, the exact mechanism of the regulatory network governed by miRNAs is still poorly understood.

How do the genes within sSMC(1) fit into teeth and osseous abnormalities seen in the present case, and to a lower extent in 1p21.3 deletions? To the best of our knowledge, no known direct connection between the affected genes and the tooth and bone development exists. However, *miR-137* again seems to be a player that affects downstream genes.

Micro RNA *miR-137* is one of the miRNAs that regulate EZH2 (enhancer of zeste homolog 2), a catalytic component of Polycomb repressive complex 2 (PRC2), which epigenetically regulates chromatin structure to silence gene expressions \[[@b81-tnsci-2015-0007], [@b82-tnsci-2015-0007]\]. An increasing body of evidence suggests that EZH2 plays a critical role in stem cell maintenance and differentiation into specific cell lineages, including neurogenesis, adipogenesis and osteogenesis \[[@b81-tnsci-2015-0007], [@b83-tnsci-2015-0007], [@b84-tnsci-2015-0007]\]. Recent studies report that craniofacial skeleton formation in higher vertebrates is crucially dependent on epigenetic regulation \[[@b85-tnsci-2015-0007]\], and that the switch between adipogenesis and osteogenesis can be epigenetically regulated by phosphorylation of EZH2, which suppresses PCR2 catalytic activity \[[@b81-tnsci-2015-0007], [@b86-tnsci-2015-0007], [@b87-tnsci-2015-0007]\]. In addition, recent exome-sequencing studies identified missense mutations and in-frame deletions of *EZH2* in patients with Weaver's syndrome, an autosomal dominant disease characterized by learning disabilities, dysmorphic facial features and general overgrowth, which can include tall stature, obesity and macrocephaly \[[@b88-tnsci-2015-0007]\]. Mutations of *EZH2* are also reported in a cohort of patients with a nonspecific overgrowth syndrome \[[@b89-tnsci-2015-0007]\]. Interestingly, the patients with 1p21.3 deletions display (borderline) macrocephaly and a tendency to be overweight \[[@b15-tnsci-2015-0007], [@b16-tnsci-2015-0007]\].

Furthermore, among putative *miR-137* targets is the transcription factor Twist-related protein 1 *(Twist-1)* (TargetScan), which together with *Twist-2,* regulates bone formation through transient suppression of *Runx2* gene essential for osteoblastic differentiation and skeletal morphogenesis in mice \[[@b90-tnsci-2015-0007], [@b91-tnsci-2015-0007]\]. *Twist-1* or *Twist-2* deficiency leads to premature osteoblast differentiation \[[@b90-tnsci-2015-0007]\].

Micro RNA *miR-137* can also influence tooth development. One of the putative targets of *miR-137* is *AXIN1*, which is the key component of canonical Wnt pathway \[[@b92-tnsci-2015-0007]\]. Vertebrates have two *AXIN* homologous genes (*AXIN1* and *AXIN2*) \[[@b93-tnsci-2015-0007]\] which appear to be functionally equivalent and interchangeable in Wnt pathway \[[@b94-tnsci-2015-0007]\]. Loss of Axin2 function is linked to carcinogenesis as well as abnormal bone and tooth development, including hypodontia \[[@b94-tnsci-2015-0007], [@b95-tnsci-2015-0007]\]. In addition to *AXIN1*, three other genes are among putative *miR-137* targets involved in dental development according to TargetScan: *BCOR* (BCL6 Corepressor; transcriptional regulator), *BCORL1* (BCL6 Corepressor-Like 1) \[[@b96-tnsci-2015-0007], [@b97-tnsci-2015-0007]\] and *PVRL1* (*NECTIN1*), respectively \[[@b98-tnsci-2015-0007]\].

Thus, gain or loss of *miR-137* function could affect both osteogenesis and dentition. However, it appears that osteogenesis and dentition are more affected in 1p21.3/*miR-137* copy number gain, though the influence of other genes cannot be ruled out.

Micro RNA *miR-137* is an important player in coordinate and complex regulatory events involving a number of genes. In the context of variable sensitivity of target genes/mRNAs/proteins discussed earlier, it is possible to speculate that constitutional gain of *miR-137* function, mimics haploinsufficiency/deletion/copy number loss of dosage sensitive targets leading to disordered homeostasis. Consistent with this is finding of a small but significant down-regulation of *miR-137* targets following *miR-137* over-expression \[[@b75-tnsci-2015-0007]\]. On the contrary, a copy number loss of *miR-137* can lead to upregulation of target genes \[[@b16-tnsci-2015-0007]\], mimicking their overexpression/duplication/copy number gain. More severely affected jaw/bones and teeth in the present case might therefore be due to the "deletion effect" of dosage sensitive target genes, as a result of constitutional gain of *miR-137*.

4.6. Plasticity-related genes LPPR4/PRG1 and LPPR5/PRG5
-------------------------------------------------------

Lipid phosphate phosphatase-related proteins (LPPRs, LPPR1-5), also referred to as plasticity-related genes (*PRG*s, *PRG1-5*), are a novel class of integral membrane proteins differentially expressed in the developing brain and reexpressed in regenerating axons \[[@b99-tnsci-2015-0007]--[@b101-tnsci-2015-0007]\], which belong to the lipid phosphate phosphatase (LPP) family. LPPs interfere with lipid phosphate signaling through mediating the extracellular concentration and signal transduction of lipid phosphate esters, lysophosphatidic acid (LPA) and spingosine-1 phosphate (S1P). LPPRs are predominantly expressed in the brain and may act by modifying bioactive lipids and their signaling pathways \[[@b101-tnsci-2015-0007]\]. However, the exact functional role of LPPRs is still not fully elucidated.

Among several genes that are duplicated in our case report, there are two members of plasticity-related gene family *LPPR4* and *LPPR5 (*[Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}) important for neuronal outgrowth and synaptic transmission, respectively.

The protein encoded by human lipid phosphate phosphatase-related protein type 4 gene (*LPPR4*), also known as plasticity-related gene 1 (*PRG1*) protein, is specifically expressed in pyramidal neurons, in the membranes of outgrowing axons and dendrites, where it hydrolyzes lysophosphatidic acid / lysophosphatidate (LPA). LPPR4 localizes in hippocampal neurons exclusively at excitatory postsynaptic endings of dendritic spines in rats \[[@b102-tnsci-2015-0007]\] and mice \[[@b103-tnsci-2015-0007]\]. During development and regenerative sprouting, LPPR4 attenuates phospholipid-induced axon collapse in outgrowing axons, thereby facilitating axonal outgrowth in the hippocampus. LPPR4 is considered a putative regulator of neuronal plasticity.

It has been shown that lack of LPPR4 leads to juvenile epileptic seizures in mice \[[@b103-tnsci-2015-0007]\], suggesting LPPR4 dose-dependent pathological increase of synaptic transmission (hyperexcitability) in CA1 pyramidal neurons \[[@b103-tnsci-2015-0007]\]. Mice with *LPPR4* deletion/copy number loss (*Lppr4*^+/−^) shows LPPR4 expression approximately half that of WT (*Lppr4+/+)* animals, and exhibits intermediate increase of excitatory synaptic transmission (halfway between *Lppr4*^−/−^ and *Lppr4+/+* mice). Trimbuch *et al*. \[[@b103-tnsci-2015-0007]\] concluded that the increase in neuronal excitability is due to the lack of LPPR4 at the postsynaptic side. However, seizures can up-regulate *LPPR4* gene and increase LPPR4 protein level in hippocampus and cortex by themselves, suggesting LPPR4 might be detrimental after seizures, contributing to post-seizure cognitive deficits observed in mice and men \[[@b100-tnsci-2015-0007], [@b104-tnsci-2015-0007]--[@b107-tnsci-2015-0007]\].

The importance of LPPR4 for proper synaptic transmission was recently demonstrated by analysis of global gene expression in large groups of patients with refractory mesial temporal lobe epilepsy (RMTLE) \[[@b108-tnsci-2015-0007]\]. In this study *LPPR4* was identified as one of the hub genes, interacting with the number of genes, in both subgroups of patients (with and without the history of childhood febrile seizures) indicating not only importance for the etiogenesis of the seizures but also for the clinical outcome.

*LPPR5/PRG5*, novel LPPR with a high homology with *PRG3/LPPR1* is exclusively expressed in nervous system ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}). As shown by Broggini *et al*. \[[@b109-tnsci-2015-0007]\], LPPR5 induces filopodia formation and axon elongation in primary cortical neurons *in vitro*. Overexpression of *LPPR5* induced morphological changes in both non-neuronal cells and neurons. It has been suggested that LPPR5 is involved in axonal fine-tuning and in the final development of neuronal circuitry.

In summary, even though the exact molecular role of these genes is not fully elucidated, we can speculate, in line with the hypothesis of Ramocki and Zoghbi \[[@b17-tnsci-2015-0007]\], that the imbalance in their expression level disturbs the fine balance which is necessary for axon fine tuning of neuronal circuits and neural connectivity, thus leading to abnormal neural transmission that could contribute to described neurological phenotype.

4.7. Sortin nexin 7 (SNX7)
--------------------------

Sorting nexin 7 (SNX7) belongs to a large family of proteins involved in intracellular trafficking. Its exact function is unknown and apart from a single study on zebrafish \[[@b110-tnsci-2015-0007]\], no report on *SNX7* in rodents/humans is cited in PubMed. The mammalian sorting nexin subgroup of 12 genes coding for SNX--BAR proteins (SNX1, SNX2, SNX4--SNX9, SNX18, SNX32 and SNX33) is characterized by two membrane-binding domains: a phosphoinositide-binding Phox homology (PX) domain and a membrane curvature sensing BAR (for Bin--Amphiphysin--Rvs) domain \[[@b111-tnsci-2015-0007]--[@b113-tnsci-2015-0007]\]. Several SNX--BAR proteins can elicit vesicle-to-tubule transitions *in vitro* and *in vivo*, implicating SNX--BAR proteins as key regulators of tubular-based endosomal sorting \[[@b111-tnsci-2015-0007], [@b114-tnsci-2015-0007], [@b115-tnsci-2015-0007]\], an essential process for maintaining cellular homeostasis, with deregulated sorting underlying a variety of pathologies \[[@b116-tnsci-2015-0007], [@b117-tnsci-2015-0007]\].

The contribution of SNX family members to neuronal functioning or disease is poorly understood. However, there are indications that SNXs are disrupted in patients with microcephaly \[[@b118-tnsci-2015-0007]\], ID \[[@b118-tnsci-2015-0007]\], and Down syndrome \[[@b119-tnsci-2015-0007]\]; a link to bipolar disorder \[[@b120-tnsci-2015-0007]\] and 6q14 microdeletion syndrome \[[@b121-tnsci-2015-0007]\] has been suggested as well. A very recent finding that sorting nexin14 (*Snx14*) is imprinted in postnatal mouse visual cortical neurons shed new light on imprinting \[[@b122-tnsci-2015-0007]\]. Imprinted genes can be regulated in specific cell types and developmental stages \[[@b123-tnsci-2015-0007]\] which make their identification and validation difficult. To overcome the limitation in identifying new neuron-specific imprinted genes, Huang et al. \[[@b122-tnsci-2015-0007]\] successfully modified previously employed approaches \[[@b124-tnsci-2015-0007], [@b125-tnsci-2015-0007]\]. SNX14 protein levels increase during mouse brain development exhibiting predominant expression during brain development and maturation; starting in the early mid-fetal period, SNX14 is expressed moderately throughout lifetime in the human brain ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}). SNX14 localizes to the cytoplasm and dendrites of dissociated mouse cortical neurons where it regulates neuronal intrinsic excitability and promotes synaptic transmission \[[@b122-tnsci-2015-0007]\].

*SNX7* is a putative target of a single broadly conserved microRNA, *miR-9* (TargetScan), one of the most highly expressed microRNAs in the developing and adult vertebrate brain \[reviewed in [@b126-tnsci-2015-0007]\]. Functional analyses have revealed *miR-9* as a versatile regulator of neurogenesis, which together with *miR-124*, appears to be the core genetic circuit regulating mitotic exit of neural progenitors and the onset of neuronal differentiation \[[@b127-tnsci-2015-0007]\]. Recent studies link *miR-9* with a number of neurodegenerative disorders \[[@b128-tnsci-2015-0007]\]. The spatiotemporal expression pattern of *SNX7* is similar to that of *miR-9-2* throughout the life span; the exception is perinatal downregulation of *SNX7* in cerebellum and striatum suggesting the possibility of being silenced by *miR-9* ([Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}).

4.8. Dihydropyrimidine dehydrogenase (DPYD) gene
------------------------------------------------

### 4.8.1. DPYD: the clinics

The *DPYD* (dihydropyrimidine dehydrogenase) gene encodes an enzyme (DPD), the initial and rate-limiting factor in the pathway of pyrimidine catabolism, also a key enzyme in the degradation of chemotherapeutic drug 5-fluorouracil (5-FU). Mutations in this gene result in a pharmacogenetic disorder, namely dihydropyrimidine dehydrogenase deficiency, showing large phenotypic variability and ranging from no symptoms to a convulsive disorder with motor and mental retardation in homozygous patients. These individuals also have an increased risk to develop potential life-threatening toxicity to 5-fluorouracil (5-FU) \[[@b129-tnsci-2015-0007], reviewed in [@b130-tnsci-2015-0007]\]. However, it still remains unclear how the excess of uracil and thymine relates to the specific neurological problems that affect some of the people with dihydropyrimidine dehydrogenase deficiency.

Although more than 50 mutations have been characterized in *DPYD* gene, the majority of them represent variants with unknown biological and clinical significance \[[@b131-tnsci-2015-0007]--[@b133-tnsci-2015-0007]\]. A splice-site mutation in intron 14 (c.1905+1G\>A, IVS14+1G\>A, *DPYD*\*2A, rs3918290) as the most prevalent \[[@b129-tnsci-2015-0007]\], together with two nonsynonymous coding variants \[[@b130-tnsci-2015-0007], [@b133-tnsci-2015-0007]--[@b136-tnsci-2015-0007]\], is the only known functional variant significantly associated with 5-FU-related high-grade (III/IV) toxicity, as shown by case-control studies \[[@b137-tnsci-2015-0007], [@b138-tnsci-2015-0007]\]. Recent comprehensive sequencing of the *DPYD*, as well as the haplotype-based analyses, revealed deep intronic variants of *DPYD* gene in patients with severe adverse effects \[[@b139-tnsci-2015-0007], [@b140-tnsci-2015-0007]\]. However, in a significant number of patients with reduced DPD activity, no mutations could be identified in the coding part of *DPYD* \[[@b141-tnsci-2015-0007], [@b142-tnsci-2015-0007]\]. On the other side, the finding that a *DPYD* haplotype free of any mutations was associated with 5-FU toxicity, suggested the presence of additional genetic variations in the noncoding region of *DPYD* \[[@b139-tnsci-2015-0007]\] and a different underlying mechanism of toxicity. In addition, only 50% of heterozygous carriers of deleterious risk *DPYD* variants develop 5-FU toxicity. Since the reported genetic variants do not account for most DPD deficiency cases, the epigenetic regulation of *DPYD* promoter has been suggested as a potential important mechanism in 5-FU toxicity \[[@b143-tnsci-2015-0007]\]. However, no firm evidence for *DPYD* promoter hypermethylation has been found so far to corroborate such a premise \[[@b144-tnsci-2015-0007], [@b145-tnsci-2015-0007]\].

Recently, 1p21.3 microdeletion syndrome has been recognized \[[@b15-tnsci-2015-0007], [@b16-tnsci-2015-0007]\], pinpointing *miRNA-137* and/or *DPYD* as underlying causes for the neurological and behavioral phenotype in the affected patients. Here we would like to accentuate the molecular organization of the *DPYD* gene, and indicate the way the gene is regulated.

Is there a way to explain the obvious similarity in the face expression between the patient with 10 kb deletion of *DPYD* gene \[[@b15-tnsci-2015-0007]\], and our patient with 3.56 Mb duplication of 1p21.3p21.2 ([Fig. 1D--F](#f1-tnsci-2015-0007){ref-type="fig"})? There is also a partial overlap of phenotypic features seen in 1p21.3 copy number loss and present 1p21.3p21.2 copy number gain, with phenotypic features seen in the severely affected patient having about 14 Mb deletion \[[@b146-tnsci-2015-0007]\] ([Fig. 5](#f5-tnsci-2015-0007){ref-type="fig"}).

One explanation could be that it is just a coincidence. If not, does *miR-137* or *DPYD* deregulation affect the chromatin conformation thus influencing the expression of neighboring genes? Is *miR-137* or *DPYD* responsible for the phenotypic resemblance? The regulation of *DPYD* by *miR-137* seems unlikely, since *DPYD*-001 (NM_000110), the protein coding transcript encompassing full *DPYD* genomic sequence, is not a putative target of any of the broadly conservative miRNAs, and displays no site with higher probability of preferential conservation, thus implicating its functioning is regulated otherwise. In addition, miRNAs preferentially act through distant downstream targets. However, *DPYD*-002 (NM_001160301) could be the target of *miR-137*, as it has an overlapping site with lower probability of preferential conservation, for *miR-137*/*137ab* and *miR-25*/*32*/*92abc*/*363*/*363-3p*/*367*, respectively (TargetScan).

### 4.8.2. DPYD: molecular organization

In accordance with the GRCh38/hg38 annotation, the main known components of *DPYD* are ([Figs. 6](#f6-tnsci-2015-0007){ref-type="fig"}--[7](#f7-tnsci-2015-0007){ref-type="fig"} and [Supplementary Fig. 1](#s1-tnsci-2015-0007){ref-type="supplementary-material"}):

Protein coding sequence which span over entire reverse (−) 843,317 bp long strand of *DPYD* gene, comprised of 23 exons and processed in four transcripts (protein coding *DPYD*-001 −*DPYD*-003 and retained intron *DPYD*-004).

Two known long non-coding natural antisense RNA genes (NATs), *DPYD-AS1* (227 kb, processed in one transcript *DPYD-AS1*-001 with 5 exons), and *DPYD-AS2* (1.15 kb, processed in two transcripts *DPYD-AS2*-001 with 2 exons, and *DPYD-AS*-002 with 3 exons); both NATs lay on the forward (+) strand of the *DPYD* gene.

The fourth gene is a novel sense intronic lncRNA *DPYD-IT1* gene (*DPYD* intronic transcript1; Gene Symbol: *RP11-359C24.1*; manually annotated by Havana project - Vega 39 Annotations *OTTHUMT*00000095693, *ENSG*00000232878). *DPYD-IT1* span over 26 kb (chr1: 97,394,154-97,420,141 \[hg38\]/chr1: 97,859,710-97,885,697 \[hg19\]) within intron 14 (chr1: 97,450,058 97,382,462 \[hg38\]/chr1: 97,915,614-97,848,018 \[hg19\]) of reverse (−) *DPYD* strand. *DPYD-IT1* is comprised of two exons and one long intron, and processed in a 401bp long transcript product (*DPYD-IT1*-001).

In addition, in NCBI Annotation Release 106, annotated is a new XR_426733.1/LOC102723700/NC_018912.2, 7.7 kb long NAT to the forward strand of *DPYD* gene, comprised from 3 exons. In GRCh38 Ensembl genebuild, 9 novel EST protein coding transcripts have been annotated; 6 to the forward strand (ENSESTT00000033931--ENSESTT00000033936), and 3 to the reverse strand (ENSESTT00000033938--ENSESTT00000033940). Interestingly, the 5′-end of 352 kb long ENSESTT00000033940 transcript overlaps with 5′-end of intron 14, and 3′-end overlaps more or less with both, 3′-end of *DPYD*-001 transcript and 5′-end of *DPYD-AS1*.

### 4.8.3. Natural antisense RNA transcripts (NATs) and intronic lncRNA involved in the regulation of DPYD

Non-coding RNAs involved in the molecular organization of *DPYD* locus undoubtedly indicate a complex and multi-layered regulation of the *DPYD* gene. In addition to the two known NATs, *DPYD-AS1* and *DPYD-AS2*, novel *DPYD-IT1* intronic lncRNA gene and NAT *XR*\_426733.1/LOC102723700/ *NC*\_018912.2, are annotated within the *DPYD* locus.

Characterization of complex mechanisms that regulate *DPYD* expression is a valuable effort, since the gene expressions regulated by antisense lncRNAs open the possibilities to reverse the process \[[@b147-tnsci-2015-0007]--[@b149-tnsci-2015-0007]\], thus offering a completely new approach in treating the disease. Understanding the mechanism by which lncRNAs regulate *DPYD* functioning, will be a step forward in understanding the biological significance of mutations within the gene, which will consequently lead to finding the way to cure the dihydropyrimidine dehydrogenase deficiency and preventing the cytotoxicity of 5-FU.

The following lines are concise notes from the recent work that has been done on NATs and intronic lncRNAs in the regulation of gene functioning.

Natural antisense RNA transcripts (NATs) are lncRNAs which are transcribed from the opposite strand of protein-coding genes \[NATs and other lncRNAs are reviewed in [@b150-tnsci-2015-0007]--[@b153-tnsci-2015-0007]\]. It is predicted that up to 70% of protein coding genes in humans are bidirectionally transcribed \[[@b154-tnsci-2015-0007]--[@b157-tnsci-2015-0007]\]. The primary antisense transcript mRNAs share complementary exons with the related sense transcript, but the degree of complementarity of NATs with corresponding sense transcripts varies greatly \[[@b158-tnsci-2015-0007]--[@b160-tnsci-2015-0007]\]. Recent studies have shown that antisense RNAs usually regulate complementary sense mRNA by modulating chromatin structure in *cis*, thereby acting as epigenetic regulators of gene expressions and chromatin remodeling.

Many NATs display opposite/reverse expression patterns with their sense transcript counterparts, implying that they carry the potential to induce allele-specific gene silencing \[[@b161-tnsci-2015-0007], [@b162-tnsci-2015-0007]\]. Actually, the occurrence of NATs correlates with genes that show monoallelic expression \[[@b163-tnsci-2015-0007]\].

Recent studies have also shown that NATs work in association with chromatin modifiers, mediating their function through transcriptional and epigenetic regulation, RNA-DNA and RNA-RNA interactions, respectively \[[@b150-tnsci-2015-0007], [@b151-tnsci-2015-0007]\]. The extent of the spread of epigenetic silencing may be related to the CTCF binding factor \[[@b164-tnsci-2015-0007]\], a multifunctional protein that enables and facilitates higher-order chromatin interactions \[[@b165-tnsci-2015-0007]\].

An interesting example of transcriptional repression by NATs is INK4b/ARF/INK4a locus regulated by *ANRIL* NAT, where the NAT *ANRIL* participates in the silencing of two very important tumor suppressor genes via two distinct mechanisms. The alteration of these regulatory circuits has been found in different types of cancers \[[@b166-tnsci-2015-0007]--[@b168-tnsci-2015-0007]\].

NATs are located within many imprinted loci \[[@b169-tnsci-2015-0007]--[@b174-tnsci-2015-0007]\] and may be directly involved in modulating gene expression within the imprinted cluster. The classic example is the Angelman syndrome gene, *UBE3A*, which is subject to genomic imprinting but not by differential DNA methylation at the promoter region \[[@b175-tnsci-2015-0007]\]. Instead, *UBE3A* is regulated by its antisense NAT *UBE3A-ATS* in *cis*, which is expressed from the paternally inherited chromosome in the brain and is also imprinted \[[@b147-tnsci-2015-0007], [@b176-tnsci-2015-0007]\].

Although up to 80% of protein coding genes have transcriptionally active introns containing intronic lncRNA genes, little is known about their function \[[@b177-tnsci-2015-0007]--[@b179-tnsci-2015-0007]\]. Intronic ncRNAs are predominantly associated with the sense strand of the unprocessed mRNA, which is also the case with the *DPYD-IT1*. However, intronic lncRNAs often show expression patterns which are opposite to the processed mRNA \[[@b156-tnsci-2015-0007], [@b180-tnsci-2015-0007]--[@b182-tnsci-2015-0007]\]. This suggests a complex regulatory relationship in which intronic lncRNA transcription is independent from the transcription of protein coding pre-mRNA \[[@b177-tnsci-2015-0007]--[@b179-tnsci-2015-0007]\]. Intronic lncRNAs may be transcribed from either the sense or antisense strand of the protein-coding gene in which they are encoded \[[@b183-tnsci-2015-0007]--[@b185-tnsci-2015-0007]\]. Recent work also indicates that many intron-derived RNAs, like many other lncRNAs, function through recruitment of the Polycomb repressive complex 2 (PRC2), leading to subsequent transcriptional repression \[[@b186-tnsci-2015-0007], [@b187-tnsci-2015-0007]\]. Interestingly, *DPYD-IT1* is located within the intron 14, which is the major locus responsible for dihydropyrimidine dehydrogenase deficiency. Namely, the most prominent mutation of the *DPYD* gene that results in severe DPD deficiency is the G to A mutation in the GT 5′-splice recognition site of intron 14 (exon 14-skipping mutation leading to exon 14 deletion). The corresponding mRNA exhibits 165 bp deletion and the enzymatic activity of the translated DPD protein is virtually absent \[[@b188-tnsci-2015-0007]\].

Another class of lncRNAs, long intergenic ncRNAs (lincRNAs), carries out its regulatory role in *trans*, affecting chromatin conformation and gene expression at distant loci. Transcription from such an upstream promoter can negatively or positively affect the expression of a downstream gene. For example, *HOTAIR* is a lincRNA transcribed from the *HOXC* locus that recruits the chromatin remodeling complex, PRC2, to the *HOXD* locus where it creates a repressive chromatin conformation across 40 kb of the locus \[[@b189-tnsci-2015-0007]\]. Therefore, the epigenetic deregulation of *DPYD* gene may potentially affect neighboring genes underlying the overlapping symptoms present in both the copy number loss and copy number gain of 1p21.

In general, the major role of lncRNAs appears to be the modulation of the epigenetic status of proximal and distal protein-coding genes through *cis*- and *trans*-acting mechanisms regulating chromatin structure over a single gene promoter, a gene cluster, or an entire chromosome \[[@b190-tnsci-2015-0007]--[@b194-tnsci-2015-0007]\].

All aforementioned possibilities are open, including the one where the *DPYD* and *miR-137* expressions may be mutually affected by one of lincRNAs (*ENST*00000602672.1/RP11-272L13.3, *ENST*00000561881.1/RP11-490G2.2, *MIR-137HG*) near the 5′-end of *DPYD*, acting in *trans*, as all sequences lie on the same, reverse genomic strand and display the same transcriptional direction.

### 4.8.4. DPYD: common fragile FRA1E site

By partially overlapping bacterial artificial chromosome (BAC) and P1-derived artificial chromosome (PAC) clones, Hormozian *et al*. \[[@b195-tnsci-2015-0007]\] determined that the *FRA1E* common fragile site extends over 370 kb of genomic region of 1p21 laying within *DPYD* (from intron 8--18). They estimated that the 185 kb region (BAC clone RP11-359C24) of the highest fragility, which accounts for 86% of all observed breaks at *FRA1E*, encompasses the central part of *DPYD,* including exons 13--16.

In a genome-wide analysis of common fragile sites (CFS), Fungtammasan *et al*. \[[@b196-tnsci-2015-0007]\] computationally predicted the coordinates of 18 CFS including *FRA1E*, which was found to span over 500 kb of the 1p21.3 genomic region. The computationally defined *FRA1E* site was among four out of 18 analyzed CFSs whose coordinates did not overlap with cytogenetically defined coordinates \[[@b197-tnsci-2015-0007], [@b198-tnsci-2015-0007]\]. Discordant results may be explained by both cytogenetic banding and fluorescent mapping methods (on which the multiple standard regression model was derived and estimated), which have inherent technical limitations that contribute to variation among coordinates \[[@b196-tnsci-2015-0007]\].

In order to correlate both *FRA1E* range predictions, we have converted the computationally revealed coordinates to hg 19 (chr1: 97,887,980--98,387,979) and retrieved the coordinates for the BAC clone RP11-359C24 (chr1: 97,817,963--98,003,396 \[hg19\]) from UCSC Browser (<http://genome.ucsc.edu/>). All the data were loaded in Genome Browsers UCSC, Ensembl ([www.ensembl.org](www.ensembl.org)) and NCBI Variation viewer ([www.ncbi.nlm.nih.gov/variation/view/](www.ncbi.nlm.nih.gov/variation/view/)), respectively. Two unexpected findings became apparent, first being the complexity of *DPYD* molecular structure discussed above, and second, the overlap of 5′-end of intronic lncRNA *DPYD-IT1* gene with the telomeric border of computationally predicted *FRA1E* fragile site, that prompted us to continue with the analysis ([Fig. 6](#f6-tnsci-2015-0007){ref-type="fig"}).

The computer search involving almost the whole 843 kb *DPYD* sequence, both NATs, intron 14 and *DPYD-IT1* (retrieved from NCBI GeneBank and/or Ensembl Browser), for specific DNA repeats and secondary structures that can inhibit replication fork progression \[[@b197-tnsci-2015-0007], [@b199-tnsci-2015-0007]--[@b202-tnsci-2015-0007]\], led us to a conclusion that no definite deduction may be drawn, particularly while current evidence suggests that CFSs are caused by an interplay of multiple genomic factors \[[@b203-tnsci-2015-0007]--[@b205-tnsci-2015-0007]\].

Nevertheless, questions may be raised whether the *FRA1E* fragile site is a CFS, or where the cluster(s) of loci liable to break precisely map. The most intriguing question is: if such site exists, where the "weakest link"/center of the *FRA1E* maps? It is our belief that the precise characterization of such particular site is as important, as revealing the mechanisms of *DPYD* gene transcriptional regulation; whether *DPYD* is entirely or partly imprinted in the tissue specific manner, or only transiently epigenetically regulated, and in which circumstances.

The immediate focus was on a splice-site, exon skipping mutation at 5′-end of intron 14. Subsequently, other variants also proven to be pathological should be taken into consideration*.* In such cases only 3--5% \[[@b206-tnsci-2015-0007]\] of the overall population with true DPD deficiency and additional 2%--3% \[[@b140-tnsci-2015-0007]\] of the population with partial DPD deficiency due to sequence variation would display the "*FRA1E*" fragile site; these assumptions may be easily verified in case controlled studies. In favor of such assumption speaks the fact that *FRA1E* belongs to the group of CFSs with lower expression than *FRA3B* or *FRA16D* \[[@b197-tnsci-2015-0007]\], and that many sequence motifs spread throughout the aCFS region may contribute to fragility \[[@b204-tnsci-2015-0007], [@b207-tnsci-2015-0007], [@b208-tnsci-2015-0007]\].

Given that the core of the fragile *FRA1E* site entails a 185 kb genomic region (RP11-395C24) between intron 12 and intron 16, the intron 14 is again the most suspected region since the computationally defined telomeric border of *FRA1E* region falls only 2.3 kb upstream from the 5′-end of the *DPYD-IT1* intronic lncRNA gene. The 5′-end of *DPYD-IT1* maps at chr1: 97,885,697 while telomeric border of computationally predicted *FRA1E* maps at chr1: 97,887,980 \[hg19\] ([Fig. 6](#f6-tnsci-2015-0007){ref-type="fig"}).

We believe that the site most liable to display a breakage, sort of the "weakest link", maps within *L1MC1* transposable autonomous long interspersed nuclear element-1 (*LINE-1*, *L1*) element, inserted in *DPYD* intronic transcript 1 (*DPYD-IT1*) intronic lncRNA gene ([Fig. 7A--B](#f7-tnsci-2015-0007){ref-type="fig"}). More precisely, the manner in which the *Tigger5b* DNA element within *L1MC1* is incorporated in the host DNA might be the true "weakest link" within the *DPYD* gene.

### LINE-1 transposons

Transposable elements (TEs) are mobile repetitive sequences that make up at least 45% of the human genome \[[@b209-tnsci-2015-0007]\]. TEs are classified based upon their method of transposition. Class 1 elements transpose via an RNA intermediate through copy-and-paste fashion using reverse transcriptase and include long and short interspersed nuclear elements (LINEs and SINEs), as well as long terminal repeat elements (LTR). Class 2 elements, or DNA transposons, transpose via a DNA intermediate through a cut-and-paste mechanism \[[@b210-tnsci-2015-0007], reviewed in [@b211-tnsci-2015-0007]\].

Although positive contributions of mobile elements to their host genomes are reported, there is growing evidence of the role of TEs in human disease and genetic instability \[reviewed in [@b212-tnsci-2015-0007], [@b213-tnsci-2015-0007]\]. The expression of the *L1* retrotransposon can damage the genome through insertional mutagenesis, rearrangements generated by non-allelic homologous recombination (NAHR), and the generation of DNA double-strand breaks (DSBs) \[[@b214-tnsci-2015-0007]--[@b220-tnsci-2015-0007]\].

In order to show the importance of the L1MC1 retrotransposon, with its parasitic Tigger5b and pair of Alu elements, in the putative regulation of the DPYD gene, the following lines are based (citations) on the papers by Belancio et al. \[[@b212-tnsci-2015-0007]\], Kines et al. \[[@b220-tnsci-2015-0007]\], Kines and Belancio \[[@b221-tnsci-2015-0007]\], Belancio et al. \[[@b222-tnsci-2015-0007]\], Belancio et al. \[[@b223-tnsci-2015-0007]\], and Wallace et al. \[[@b224-tnsci-2015-0007]\]; for comprehensive information see the original papers.

The most active autonomous non-LTR element is long interspersed nuclear element-1, *LINE-1* (*L1*), which contains a number of highly successful parasitic elements \[[@b225-tnsci-2015-0007], [@b226-tnsci-2015-0007]\]. Transcription of a *L1* generates a retrotranspositionally competent, full-length *L1* mRNA \[[@b214-tnsci-2015-0007], [@b227-tnsci-2015-0007]\] and a spectrum of processed *L1*-related RNA products, the majority of which are not capable of retrotransposition \[[@b228-tnsci-2015-0007], [@b229-tnsci-2015-0007]\].

The full-length *L1* mRNA is bicistronic and is influenced by the upstream genomic sequence expression \[[@b230-tnsci-2015-0007]\]. The functional structure of *L1* element includes promoters, 5′ and 3′ UTRs, two open reading frames (ORF1 and ORF2) required for *L1* retrotransposition \[[@b231-tnsci-2015-0007]\], and *cis*-acting signals for mRNA processing, with RNA polymerase II (pol II) promoter (sense promoter) located in the beginning of the 5′-untranslated region (UTR) \[[@b231-tnsci-2015-0007], [@b232-tnsci-2015-0007]\]. The antisense *L1* promoter, also present within the 5′UTR, is demonstrated to drive expression of sequences located upstream of the *L1* elements \[[@b233-tnsci-2015-0007], [@b234-tnsci-2015-0007]\]. The biological significance of the antisense promoter is not well established. One of the hypotheses is that its role is to interfere with the transcription initiated within upstream sequences to secure transcription from the sense *L1* promoter. Alternatively, the *L1* antisense promoter is implicated in the production of small interfering RNAs (siRNAs) that inhibit *L1* expression \[[@b235-tnsci-2015-0007], [@b236-tnsci-2015-0007]\]. Both of these promoters can modify the normal gene expression. Independent of the orientation of the *L1* insert (forward or reverse relative to gene expression) they have the potential for "gene breaking" by generating 5′-truncated genomic transcripts \[[@b237-tnsci-2015-0007]\].

The *L1* promoter activity is regulated by epigenetic modifications \[[@b238-tnsci-2015-0007], [@b239-tnsci-2015-0007]\]. The short-and long-term consequences of *L1* integration (particularly the full-length elements) within or in the vicinity of genes on the epigenetic state and chromatin signature of the gene are not known. Some of the hypotheses dealing with potential contribution of TEs to the epigenetic regulation of the mammalian genome were recently reviewed \[[@b240-tnsci-2015-0007]\]. *L1* elements have been proposed to potentially influence the selective expression of monoallelically expressed genes due to the enrichment of evolutionarily more recent *LINE-1* elements in the regions surrounding these genes in human and mouse \[[@b241-tnsci-2015-0007]\]. Furthermore, *L1* promoters contain binding sites for various transcription factors and regulatory proteins that can alter the gene expression in response to various stimuli \[[@b242-tnsci-2015-0007]--[@b245-tnsci-2015-0007]\]. *L1* sequences can exert their influence on the host gene expression by altering the promoter specificity or strength \[[@b246-tnsci-2015-0007]--[@b250-tnsci-2015-0007]\].

Furthermore, both sense and antisense *L1* promoters are reported to exhibit tissue-specificity \[[@b245-tnsci-2015-0007], [@b251-tnsci-2015-0007]\]. While no biological significance has been reported to date for the majority of the known *L1*/host gene chimeric mRNAs, cancer-specific *L1*-driven hybrid transcripts were identified in breast and colon cancer cell lines \[[@b252-tnsci-2015-0007]\].

However, the majority of *L1* loci in the human genome are truncated and incapable of retrotransposition. Although thousands of full-length *L1* loci remain, most are retrotranspositionally-incompetent due to inactivating mutations. However, some of these retrotranspositionally-incompetent *L1* loci previously considered to be inactive and harmless, are indeed expressed \[[@b253-tnsci-2015-0007]\]. The mutations leading to premature stop codons within the *L1 ORF2* sequence may yield truncated proteins that retain a functional endonuclease domain with the potential to generate low levels of chronic genomic instability by introducing double strand breaks (DSBs) and mobilizing *Alu* sequences \[[@b220-tnsci-2015-0007]\].

*L1* causes insertional mutagenesis through either self retrotransposition or through the mobilization of parasitic non-autonomous transposons, such as *Alu* elements, which rely on the *L1*-encoded ORF2 protein for their propagation \[[@b226-tnsci-2015-0007], [@b254-tnsci-2015-0007]\]. Both *L1*-driven transpositions and *L1*-induced DSBs depend on the endonuclease activity of the *L1* ORF2 protein, which initiates the integration process by nicking the host DNA \[[@b219-tnsci-2015-0007]\]. Although the origin of the second-strand nick required for completion of the retrotransposition process is unknown, it has been established that expression of the *L1* ORF2 protein containing a functional endonuclease domain results in the formation of DSBs \[[@b219-tnsci-2015-0007], [@b222-tnsci-2015-0007], [@b223-tnsci-2015-0007], [@b255-tnsci-2015-0007]\]. Importantly, it is estimated that *L1*-induced DSBs are much more frequent than successful *L1*-retrotransposition events \[[@b219-tnsci-2015-0007]\]. Though the specific consequences of *L1*-induced DSBs are not yet fully known, high mutagenic potential of DSBs in mammalian cells is well documented, contributing to genomic instability and cancer progression \[[@b219-tnsci-2015-0007], reviewed in [@b256-tnsci-2015-0007]--[@b258-tnsci-2015-0007]\].

Ongoing endogenous low-level *L1* activity has been detected in the germ line, as well as in normal human tissues and adult stem cells \[[@b259-tnsci-2015-0007], [@b260-tnsci-2015-0007]\]. Moreover, the *L1* expression is significantly elevated in most human cancers when compared to matched normal tissues \[[@b259-tnsci-2015-0007]--[@b264-tnsci-2015-0007]\], suggesting a role for *L1* as an endogenous mutagen in somatic tissues.

*L1* elements, particularly full-length *L1*s inserted into introns in the *forward orientation (*like *L1MC1* in the intron 14 of *DPYD*), are poorly tolerated \[[@b265-tnsci-2015-0007], [@b266-tnsci-2015-0007]\] and as a result are significantly underrepresented not only within genes, but also in the 5 kb regions flanking human gene boundaries \[[@b210-tnsci-2015-0007], [@b221-tnsci-2015-0007], [@b267-tnsci-2015-0007]\].

Insertions of TE within intronic sequences can interfere with normal gene expression through the introduction of functional (i) promoters and their regulatory elements, (ii) polyadenylation (pA) signals, and (iii) splice donor (SD) and acceptor (SA) sites. Besides the effect of TEs on the expression or function of a single gene through direct insertional interference, some TE integration events can also alter gene or cellular pathway function through indirect mechanisms such as regulation of miRNA expression \[[@b221-tnsci-2015-0007]\].

### DNA transposons

The human genome contains about seven major classes of DNA transposons that are virtually all no longer active, present mostly as fragmented elements in the human genome, and therefore regarded as DNA fossils. Information on human DNA transposons is currently very scarce. However, quite a few functional human genes seem to have originated from DNA transposons, such as genes encoding the *RAG1* and *RAG2* recombinases and the major centromere-binding protein *CENPB*. DNA transposons make up 3% of our genome \[[@b210-tnsci-2015-0007]\]. Two super families, hAT and Tc1/*mariner*, are predominant in the human DNA transposon population \[[@b210-tnsci-2015-0007], [@b268-tnsci-2015-0007], [@b269-tnsci-2015-0007]\].

All complete and autonomous class 2 TEs encode the protein transposases, which are required for insertion and excision. DNA transposons always move on their own, inserting or excising themselves from the genome by means of cut-and-paste mechanism. DNA transposons may also be fully or incompletely inserted into other elements. It has been found that a number of DNA element families, that had copies inserted and integrated into primate-specific *L1* elements, also comprise copies nested into dimeric *Alu* elements, all of which are known to be primate specific \[[@b270-tnsci-2015-0007]\]; the cohabitation of *L1MC1*, *Tigger5b* and a pair of *Alu* elements comprised in the *DPYD-IT1* gene is an example to this.

DNA transposons have been frequently implicated in chromosomal rearrangements, including deletions, inversions, duplications, translocations, and chromosome breakage mediated by recombination or aberrant transposition events \[[@b271-tnsci-2015-0007]--[@b274-tnsci-2015-0007]\]. In this context, the recurrent partial *HUWE1* copy number gain which underlies nonsyndromic ID was recently shown to be caused also by NAHR between two adjacent DNA *TcMAR-Tigger2* elements demonstrating that the Xp11.22 region is prone to recombination and replication-based rearrangements \[[@b275-tnsci-2015-0007]\].

The cut-and-paste transposition mechanism of class II DNA transposons is catalyzed by several transposase enzymes, some of which non-specifically bind to any target site in DNA, whereas others bind to specific DNA sequence targets. The transposase cuts out the DNA transposon (which is then ligated into a new target site) by making a staggered cut at the target site, resulting in single-strand 5′ or 3′ DNA and in most cases in palindromic overhangs or sticky ends. Since the overhangs have to be complementary in order for the ligase to work, the two molecules can only join in one orientation. A transposon or a retroposon that inserts itself into a functional gene will most likely disable that gene, and after a DNA transposon leaves a gene, the resulting gap will probably not be repaired correctly \[[@b212-tnsci-2015-0007]\].

TEs are also a widely used tool for insertional mutagenesis. Namely, the TE can disrupt the gene's function in a reversible manner, and after the transposase-mediated excision of the DNA transposon, the gene function may be restored. The first synthetic transposon designed for use in vertebrate cells, the *Sleeping Beauty* transposon system, is a Tc1/*mariner*-like transposon. It exists in the human genome as an intron and was activated through reconstruction \[[@b276-tnsci-2015-0007]\]. The Tc1/*mariner*-class of TEs *Sleeping Beauty* transposon system, the Molecule of the Year 2009 \[[@b277-tnsci-2015-0007]\] is an example of a transposon system that can be adapted for human gene therapy \[[@b278-tnsci-2015-0007]--[@b281-tnsci-2015-0007]\] and has been extensively used for identifying cancer genes \[[@b282-tnsci-2015-0007]--[@b284-tnsci-2015-0007]\].

The *Tigger5b* DNA nested in *L1MC1* element belongs to Tc1/*mariner* superfamily and a family of autonomous DNA transposons and is, like *L1* and *Alu* elements, primate specific \[reviewed in [@b211-tnsci-2015-0007]\].

### DPYD-IT1: L1MC1, Tigger5b and Alu elements

*L1MC1* appears to be a fairly long (9.4 kb) full length *L1* LINE element, nested into the genomic DNA, and could therefore be among about a hundred *L1* transposons still not dormant in the human genome. The status of *L1MC1* activity may depend on the epigenetic (de)regulation of the *DPYD*, but it could also be the part of epigenetic machinery controlling the *DPYD* function since it resides within an intronic lncRNA gene. Though probably inactivated epigenetically or by acquired mutation, the environmental stress could potentially awake *L1MC1* element, since some TEs contain heat-shock like promoters and their rate of transposition increases if the cell is subjected to stress \[[@b285-tnsci-2015-0007]\].

Moreover, the whole structure of *L1MC1* with nested *Tigger5b* fragments and pair of *Alu* repeats ([Fig. 7A--B](#f7-tnsci-2015-0007){ref-type="fig"}), offers more than one scenario with detrimental outcome for the host DNA, leading to (irreparable) breaks in case of additional mutations and/or environmental stress. In addition, the organization of *L1MC1* element annotated in GRCh37/hg19 differs from the annotation in GRCh38/hg38, in particular concerning the *Tigger5b* element, suggesting that the whole structure is still awaiting its definite characterization.

The Repeat Masker Track (UCSC Browser, hg38) displays three small fragments of *Tigger5b* DNA transposon: centromeric and telomeric inserted in the reverse/sense strand, while the middle one inserted in the forward/antisense strand, respectively. The fragments are joined in the Interrupted Repeats track in a 153 bp long *Tigger5b* element, composed of two fragments each lying on the different strand (−,+). In between two fragments is a *tgtgc* string of 5 bases ([Fig. 7A--B](#f7-tnsci-2015-0007){ref-type="fig"}).

The manner in which the *Tigger5b* element is partly inserted in the sense intronic RNA gene, and partly in the antisense DNA strand, suggests an unstable cohabitation between the participants; the situation which potentially may cause problems in the replication processing additionally hampered by agents interfering with DNA transcription, leading to break(s) with sticky ends or overhang which postreplication machinery is unable to repair correctly, ending in the damaged *DPYD* gene. In such circumstances even the whole *Trigger5b* element may be cut out from the genomic sequence with unforeseeable consequences.

The *Tigger5b* is inserted within two *L1MC1* fragments flanked by a full-length *Alu* parasitic TE (lacking ORFs), telomeric *AluSz* (310 bp) and centromeric *AluSx1* (307bp), respectively ([Fig. 7A--B](#f7-tnsci-2015-0007){ref-type="fig"}). *Alu* elements are the most abundant of all mobile elements in the human genome \[[@b210-tnsci-2015-0007], [@b286-tnsci-2015-0007], reviewed in [@b221-tnsci-2015-0007]\] and as such they may act as a template for homologous recombination \[[@b287-tnsci-2015-0007]--[@b289-tnsci-2015-0007]\]. However, various inherited disorders have been caused by *Alu-*mediated recombination including several types of cancer \[[@b287-tnsci-2015-0007]\]. Overall, \~0.3% of all human genetic diseases seems to be the result of an *Alu*-mediated unequal homologous recombination. There is also evidence that *Alu* elements inserted into an inverted orientation are more prone to illegitimate recombination \[[@b290-tnsci-2015-0007]--[@b293-tnsci-2015-0007]\].

Previous discussion on TEs suggests several possibilities how *L1MC1* element with its parasites may potentially affect the functioning of *DPYD*. In addition, the *L1MC1* element seems to be *DPYD* specific. Searching through clinically important aphidicolin-induced CFS associated genes in the RepeatMasker (UCSC Browser), including *PARK2* (MIM 602544)), *DMD* (MIM 300377), *FHIT (*MIM 601153), *WWOX* (MIM 605131), *GRID2* (MIM 602368), *LARGE* (MIM 603590), *CTNNA3* (MIM 607667), and *CNTNAP2* (MIM 604569), no identical *L1* TE element could be found.

5. Conclusion
=============

Even a superficial attempt to comment on the functioning of coding and non-coding sequences comprised in sSMC(1) revealed a complex, and incompletely comprehensible interaction between them, as well as an intricate involvement of these sequences in other cellular and intercellular programs.

Mutation analyses in human disorders have so far been mostly restricted to coding genes. The link between ncRNAs deregulation and neurological diseases is just beginning to emerge. The evolving whole-genome sequencing projects complemented by the arrayCGH studies will undoubtedly reveal that the pathology of neurodevelopmental disorders is indeed affected by mutations and ncRNA copy number gains/losses, thus opening a new avenue for studying the genotype-phenotype correlations in genetic disorders, necessary for a comprehensive understanding of human disease.

Supplementary material
----------------------
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(A--B). Molecular organization of DPYD gene according to GRC38/hg38 Genome Annotation. A) NCBI Annotation Release 106 August 2014. Note the new lncRNA XR_426733.1/LOC102723700/ NC_018912.2; B) GRCh38 Ensembl Release August 2014. Note new 9 EST protein coding transcripts colored in purple. [Fig. 1A](#f1-tnsci-2015-0007){ref-type="fig"} and [2B](#f2-tnsci-2015-0007){ref-type="fig"} are not drawn to scale.
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![Patient's facial appearance. A--C) The facial appearance (front and lateral view) of the patient at 13/10 years and 19 years, respectively. Note the way the boy is holding his head. D) The facial expression in a sudden laughing/smiling grimace at 13/10 years (F) and at 19 years. Informed consent is obtained from the guardian. E) Note the resemblance of the face expression between the present case and the patient 4 with 10 kb *DPYD* deletion reported by Carter *et al*. \[[@b15-tnsci-2015-0007]\]. The reuse of the [Figure 2f](#f2-tnsci-2015-0007){ref-type="fig"} from the paper by Carter *at al*. \[[@b15-tnsci-2015-0007]\] is kindly provided by © 2010 John Wiley & Sons A/S (license number 3435250114502).](tnsci-2015-0007f1){#f1-tnsci-2015-0007}

![GTG-banded metaphase spread and reverse FISH displaying sSMC(1). A) GTG-banding revealed a karyoytpe 47,XY,+r\[80%\]/46,XY\[20%\]; sSMC is labeled by an arrowhead. B) After the microdissection and reverse FISH the red labeled DNA-probe (midi) stained the sSMC itself and a region in the short arm of both chromosomes 1 (arrowhead). C) Inverted DAPI banding shows the mapping of the microdissection derived DNA probe (red; midi) to 1p21.3\~21.2.](tnsci-2015-0007f2){#f2-tnsci-2015-0007}

![Schematic representations of the deleted and duplicated segments in 1p21. Copy number losses and gains are outlined with the aid of UCSC Genome Browser - Genome Graphs software. Coordinates of the deletions reported by Carter *et al*. \[[@b15-tnsci-2015-0007]\] and Willemsen *et al*. \[[@b16-tnsci-2015-0007]\] are converted to hg19. The transcription streams and positions of the coding and non-coding genes along 1p21.3 and adjacent distal 1p21.2 are indicated. The deletions studied by Kuilenburg *et al*. \[[@b146-tnsci-2015-0007]\] are not included in the figure: patients 1--4 originate from highly consanguineous families; for the patient 5 (\~14 Mb, del1p21.3p13.3), no coordinates or most proximal-most distal genes are quoted.](tnsci-2015-0007f3){#f3-tnsci-2015-0007}

![Expression patterns of selected transcripts in the human brain. The microarray expression data were analyzed for affected transcripts in 1p21.3p21.2 and those discussed in the paper in 16 brain regions and 13 developmental periods. Samples colored dark blue are considered unexpressed (cutoff value \<5.5). Note that the range of expression intensity is displayed with each transcript profile. Spatiotemporal expression profiles of brain regions and neocortical areas (NCX) were obtained from the Yale's genome-wide exon-level transcriptome data base ([www.humanbraintranscriptome.org](www.humanbraintranscriptome.org)). MiR124-1 microarray expression data shows overall moderate expression level in the brain, except in cerebral cortex during early mid-fetal period (16--19 PCW). However, from neonatal period until adulthood miR124-1 expression level is consistently high in cerebellum. MiR124-2 expression level is high prenatally during major neurodevelopmental processes in all examined cerebral cortical areas, thalamus, basal ganglia and cerebellum until late mid-fetal period when its expression decreases, especially in cerebellum, hippocampus and striatum. PTBP2 shows similar expression pattern like miR124-2, which is consistent with the finding that miR-124 downregulates PTBP1, leading to upregulation of PTBP2. PTBP2 expression level is consistently high in all brain regions until late mid-fetal period, a crucial neurodevelopmental period for major histogenetic events and formation of neocortical circuits. After 24PCW its expression is downregulated. In contrast, DLG4 (PSP-95) shows moderate expression level in cerebrum and cerebellum until neonatal time, when expression is upregulated in all examined regions (consistent with alternative splicing regulation of PSD-95; PSD-95 is post-transcriptionally repressed by PTBP2*,* which thus temporarily inhibits the expression of "adult" protein isoforms until neurons have matured) and remain high throughout adulthood. The PTBP1 expression level is consistently low in all neocortical areas, except visual. However, its expression is high prenatally in amygdala, cerebellum and hippocampus until neonatal period when is downregulated. The RAVER1 expression pattern is relatively low throughout lifetime and it shows lowest level during childhood. RAVER2 displays spatiotemporal differential expression pattern in different cortical areas; namely: in prefrontal cortex is highest during perinatal time, while in some cortical areas (like visual) is highly expressed from early fetal until early infancy. RAVER2 expression level is lower from late childhood throughout adulthood in all cortical areas. On a contrary, expression level remains more stable in other brain regions, such as thalamus and basal ganglia. MiR-137 expression is highly expressed prenatally in neocortex and amygdala, but its expression is decreased perinatally and remains low postnatally. According to microarray data, it is not expressed in cerebellum throughout life span. MIB1 shows highest expression during early fetal time in all examined regions of the brain and gradually decreases from early mid-fetal onward in all examined regions, except in cerebellum. SNX7 shows highest expression in neocortical areas, amygdale and hippocampus from early fetal to perinatal period, during the time of major neurodevelopmental processes. Its expression level decreases postnatally. Cerebellum and striatum do not show expression throughout whole life span. MiR9-2 expression level is high from early fetal until neonatal period in all examined brain regions except thalamus. LPPR5 expression is high in all examined brain regions throughout whole life span, except in the cerebellum where it remains lower, except during perinatal period. LPPR4 shows highest expression in neocortical areas, especially during late mid-fetal, neonatal, infancy and childhood during intense synaptogenesis and dendritic differentiation. Its expression is lowest in cerebellum and thalamus throughout life span. DPYD shows substantial spatiotemporal variation in expression pattern throughout lifespan. It is not expressed during early fetal time in the brain and it shows the highest expression level in temporal lobe and amygdale during early and late mid-fetal period. Cerebellum and thalamus do not express it throughout all examined periods. Relatively low LOC100129620 expression can be observed in neocortex from early to late mid-fetal period. LOC729987 is not expressed in any analyzed region or time point. EZH2 is not expressed in the brain throughout lifespan, except in several samples prenatally. SNX14 starts to be expressed at early mid-fetal period and remains to be moderately expressed throughout lifespan. Nomenclature of analyzed brain regions and NCX areas; for the details on ontology see Kang *et al*. \[[@b1-tnsci-2015-0007]\]: OFC: Orbital prefrontal cortex, DFC: Dorsolateral prefrontal cortex, VFC: Ventrolateral prefrontal cortex, MFC: Medial prefrontal cortex, M1C: Primary motor (M1) cortex, S1C: Primary somatosensory (S1) cortex, IPC: Posterior inferior parietal cortex, A1C: Primary auditory (A1) cortex, STC: Superior temporal cortex, ITC: Inferior temporal cortex, ITC: Inferior temporal cortex, V1C: Primary visual (V1) cortex, HIP: Hippocampus, AMY: Amygdala, STR: Striatum, MD: Mediodorsal nucleus of the thalamus, CBC: Cerebellar cortex.](tnsci-2015-0007f4){#f4-tnsci-2015-0007}

![Neurologic and behavioral phenotypes involving physical features in reciprocal 1p21 CN loss/CN gain. Phenotypes unique to CN loss are shown on the left; phenotypes unique to CN gain are shown on the right; phenotypes common to both CN loss and CN gain are shown in the overlapping part of the two ovals. Note that 1p21.3p21.2 copy number gain in addition to overlapping genes with 1p21.3 CN loss encompasses *LPPR4*, the first flanking gene in 1p21.2. \*Case 5 from Kuilenburg *et al*. \[[@b146-tnsci-2015-0007]\] with the deletion involving 1p13.3p21.3, besides profound ID displays macrocephaly, long *prominent/upturned filtrum*, *open mouth appearance*, *tick lower lip*, full nasal tip, *high arched palate* and large lobules. Eruption of his *dentition* was *delayed*, nails were short and thin (in italics are denoted overlapping features with presented 1p21.3p21.2 CN gain; macrocephaly, large lobules, full nasal tip, tick lower lip and high arched palate are the features seen in 1p21.3 CN loss). CN stands for copy number; gray colored are the genes that are either not in the Yale's transcriptome data base (*LOC101928241, DPYD-AS1, DPYD-AS2, miR-2682*), or are not enriched in human brain (*LOC729987*).](tnsci-2015-0007f5){#f5-tnsci-2015-0007}

![Computational and by BAC FISH predicted coordinates of FRA1E fragile CFS site. FISH predicted *FRA1E* 185 kb core \[[@b195-tnsci-2015-0007]\] compared with a computational predicted *FRA1E* \[[@b196-tnsci-2015-0007]\]. Note the overlaps between 5′-end of *DPYD-IT1* and telomeric border of computational *FRA1E* prediction marked by red arrow, and between 5′-end of intron 14 and pathogenic splice variant rs391890/c.1905+1G\>A, respectively. Coordinates are in GRCh37/hg19 annotation (The NCBI38 has no more capacity to outline the Ensembl annotated genes). P1 stands for BAC FISH predicted core of *FRA1E*; P2 stands for computational prediction of *FRA1E*.](tnsci-2015-0007f6){#f6-tnsci-2015-0007}

![DPYD-IT1 sense intronic lncRNA gene. Overview of repetitive elements comprised in *DPYD-IT1* gene (A). The predicted "weakest link"/center of *FRA1E*: *L1MC1* transposon (chr1: 97,397,345--97,406,722 \[hg38\]). Note *Tigger5b* DNA element fragments inserted on different genomic strands (B). \*GRCh38/hg38 is applied to present the repetitive elements within *DPYD-IT1* since it differs from the older version, GRCh37/hg19.](tnsci-2015-0007f7){#f7-tnsci-2015-0007}

###### 

Summary table of the genes involved in 1p21.3p21.2 copy number gain\* \*For the details and references see the discussion on each gene and [Fig. 4](#f4-tnsci-2015-0007){ref-type="fig"}.

  GENE                                                                   PTBP2                                                                                          DPYD                                                                                                                           miR-137                                                                                                                                     SNX7                                                                                                              LPR5/PRG5                                                                                                       LPR4/PRG1
  ---------------------------------------------------------------------- ---------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------
  Description                                                            *Polypyrimidine Tract Binding Protein 2*                                                       *Dihydropyrimidine Dehydrogenase*                                                                                              *MicroRNA 137*                                                                                                                              *Sortin Nexin 7*                                                                                                  *Lipid Phosphate Phosphatase-Related Protein Type 5*                                                            *Lipid Phosphate Phosphatase-Related Protein Type 4*
                                                                         Multiple transcripts                                                                           Multiple transcripts                                                                                                           Highly conserved small noncoding RNA                                                                                                        Multiple transcripts                                                                                              Multiple transcripts                                                                                            Multiple transcripts
  Tissue specificity                                                     Brain specific (isoform 1 & 2)                                                                 Found in most tissues                                                                                                          Neuron-enriched miRNA                                                                                                                       Enriched in the brain                                                                                             Brain & Spinal cord specific                                                                                    Brain specific
  Protein                                                                RNA binding protein                                                                            Pyrimidine catabolic enzyme                                                                                                    Non-coding; Binds to multiple target mRNAs                                                                                                  Protein binding                                                                                                   Closely related to LPPR1/PRG3; Mediate LPA activity *in vitro*                                                  Mediate LPA activity in neurons (Hydrolyzes LPA)
  Function                                                               Mediates negative regulation of exons splicing                                                 Initial and rate-limiting factor in the pathway of uracil and thymidine catabolism; 5-FU degradation                           Translational repression or mRNA degradation; Brain: Silences Mib1 important for neurogenesis                                               ? Exact function (May be involved in several stages of intracellular trafficking)                                 Involved in neuronal plasticity; Induces filopodia sprouting; Promotes neurite growth; Drives axon elongation   Facilitates axonal outgrowth in the hippocampus; Proper synaptic transmission; Regulator of neuronal plasticity
  Expression pattern Human brain transcriptome                           Consistent with cross-regulatory network PTBP1-miR124-PTBP2-PSD95                              Spatiotemporal variation in expression pattern throughout lifespan                                                             High prenatal expression in neocortex and amygdala                                                                                          Highest expression in neocortex, amygdale and hippocampus during the time of major neurodevelopmental processes   High in all brain regions throughout whole life span (lower in the cerebellum)                                  Highest expression in neocortical areas during intense synaptogenesis and dendritic differentiation
  Knock out/ Knock down/ Null allele/ Homozygous mutation                Lethal shortly after birth (mice); Neurons in culture-fail to develop                          DPD deficiency caused by homozygous or compound heterozygous mutation; Large phenotypic variability; Severe toxicity to 5-FU   Aberrant, enriched dendritic tree of fetal and adult hippocampal neurons                                                                    n.a.                                                                                                              Inhibits filopodia formation & neurite growth; Attenuates neurite formation and growth                          Juvenile epileptic seizures; Pathological increase of synaptic transmission -- Hyperexcitability in CA1 pyramidal neurons
  Copy number loss/ Deletion/ Heterozygous mutation/ Haploinsuficiency   PTBP2 at levels half that of WT animals; Target proteins show half reduced-normal expression   Large phenotypic variability; Severe toxicity to 5-FU                                                                          Overexpression of validated target proteins                                                                                                 n.a.                                                                                                              n.a.                                                                                                            LPPR4 at levels half that of WT animals; Intermediate increase of excitatory synaptic transmission
  Copy number gain/ Duplication/ Overexpression                          Repress synaptic activity, spine morphogenesis & reduce PSD-95 transcript *in vitro*           ? Exact phenotype effect on brain                                                                                              Reduces the complexity of dendrites and spine density; 'Deletion effect' of dosage sensitive targets involved in neuronal differentiation   n.a.                                                                                                              Dramatic morphological changes in neuronal cells & non-neuronal cells in vitro                                  Cognitive deficits observed in mice and men
